The kdgT gene of Escherichia coli, which encodes for the 3-deoxy-2-oxo-D-gluconate transport system, was isolated as a ColE1-kdgT hybrid plasmid from the Clarke and Carbon bank. A restriction and genetic map of the min 88 region of the chromosome was established; by subcloning the restriction fragments into the plasmid vector pBR322, the kdgT gene was localized on a 1.4-megadalton PstI DNA fragment, and the direction of transcription of the gene was determined by making use of an in vitro gene fusion between kdgT and lacZ genes. Amplification of the gene product of kdgT was up to 14-fold the level found in a haploid strain. When plasmids bearing kdgT were expressed in an in vivo maxicell system, a specific polypeptide of 28,000 daltons appeared that was found to be associated with the membrane fraction.
3-Deoxy-2-oxo-D-gluconate (KDG) and its structural analog, D-glucuronate, can be taken up by Escherichia coli cells through a specific carrier coded by the kdgT locus (13, 25) , at min 88 on the E. coli calibrated linkage map (1) . KDG is subsequently degraded by 3-deoxy-2-oxo-D-gluconate kinase and 3-deoxy-2-oxo-6-phospho-D-gluconate (KDPG) aldolase into pyruvate and triose-phosphate (27, 28) . The structural gene nature of the kdgT locus has been established from the characterization of relevant temperature-sensitive transport mutants (14) . The operator site kdgTo-formerly called kdgP (25) -was located very closed to kdgT. A wildtype strain of E. coli is unable to grow on KDG as the sole source of carbon because of an undetectable basal level of KDG permease. The expression of this transport system activity was shown to be submitted to the negative control of the kdgR gene, the regulatory gene of the kdg regulon (29) . This regulon also includes kdgK and kdgA, the genes coding for KDG kinase and KDPG aldolase respectively, and the kdgR-encoded repressor has a decreasing affinity for the operator sites in the order kdgT > kdgK > kdgA (29) . Intracellular KDG, produced from the degradatioii of glucuronate and galacturonate, can induce KDG kinase and KDPG aldolase activities, but not the KDG transport system; this system is only derepressed in a mutant defective in KDG kinase, able to accumulate a rather large concentration of the endogenous true inducer, KDG, from both hexuronates (13) .
Previous studies have demonstrated that KDG and Dglucuronate are concentrated into the cells via a sugar-H+ symport mechanism driven by the total proton motive force (11, 12) . Recently mutants of E. coli exhibiting pH-conditional growth on KDG were isolated to better understand the role played by protons in carrier-mediated translocation of substrates (18) . The responsible mutations (kdgT phs) were also mapped into kdgT.
To characterize the kdgT gene product in greater detail we attempted here to isolate the kdgT gene on a ColEl plasmid vector from the collection of Clarke and Carbon (7) and to clone it into the multicopy plasmid vector pBR322. The kdgT gene product was amplified in cells harboring kdgT hybrid * Corresponding author.
plasmids. Once these hybrid plasmids were expressed in an in vivo maxicell system, a 28,000-dalton protein presumed to be the KDG permease was detected in the membrane fraction.
MATERIALS AND METHODS
Bacterial strains and plasmids. All of the strains used in this study were E. coli K-12 derivatives. The relevant genetic markers and origins of strains and plasmids used are shown in Table 1 .
Growth media and genetic methods. Bacteria were routinely grown at 37°C in either conventional complete L-broth or minimal medium M63 (pH 7.2) (34) or M9 (pH 7.2) (20) . All media were supplemented with amino acids (100 ,g/ml) as required and with a carbon source (1 to 2 mg/ml) as specified for each experiment. When needed, ampicillin (20 pLg/ml), tetracycline (10 jig/ml), or kanamycin (20 ,ug/ml) was added to the medium. Growth on solid media was as reported previously (25) . Colicin El was prepared from strain JF390 by the method of Spudich et al. (35) . The ColEl hybrid plasmids were transferred into the mutant strairs by the conjugation method of Miller (20) . Chemicals (18) . KDG kinase and KDPG aldolase were assayed as reported elsewhere (27, 28) . A qualitative colorimetric assay for the rapid detection of KDG kinase was also used (29) . 13 Lactamase activity was measured as described by Sykes and Nordstrom (36) , and 3-galactosidase was measured as described by Miller (20) . Isolation and manipulation of plasmid DNA. Extraction of plasmid DNA was achieved by the alkaline procedure of Birnboim and Doly (2) . Further purification of DNA was done by dye-buoyant centrifugation in CsCl gradients containing ethidium bromide (31) . E. coli cells were prepared for transformation with plasmid DNA by the method of Mandel and Higa (17) . More details concerning these techniques can be found in reference 32.
Agarose and polyacrylamide gel electrophoresis. Separation of DNA and proteins was carried out as described previously (32) .
DNA-directed in vitro protein synthesis and labeling of maxicells. The conditions used for cell-free protein synthesis and preparation of S-30 were those of Zubay et al. (41) and were described elsewhere (32) . A maxicell gene expression system was used, as recommended by Sancar et al. (33) . A 10-ml sample of a culture with an absorbancy at 600 nm of 0.5 was irradiated for 35 s at a distance of 20 cm with a 6-W UV lamp while being magnetically stirred. After 17 h of incubation with 0.1 mg of cycloserine per ml and washing to remove cycloserine, cells were suspended in 0.1 ml of 0.125 M Tris-hydrochloride (pH 6.8) and then labeled with [35S]methionine (5 ,uCi/ml) for 1 h and disrupted with a Branson sonifier. Separation of the material into particulate and soluble fractions was achieved by centrifugation for 2 h at 136,000 x g in a Beckman Airfuge. The labeled samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described previously (32) .
Construction of pRK plasmids. pRK plasmids were constructed as described previously (32) (see Fig. 3 ). The 6.5-and 4.35-megadalton (Md) BamHI-1-BamHI-2 fragments were inserted into the tet gene of pBR322, yielding pRK1 and pRK3, respectively. The PstI-2-PstI-3 fragment lay in opposite orientations in plasmids pRK4 and pRK5. pRK6 was a ColEl-kdgT-pBR322 hybrid plasmid in which pBR322 was inserted into the BamHI-2 site.
Construction of pRKG plasmids. Strains carrying insertions of the 4.35-Md BamHI fragment of ColE1-kdgT in the unique BamHI site of pMC874 were obtained by transforming E. coli strain C146rec with a ligated mixture of BamHIcleaved pRK3 and pMC874. Kanamycin-resistant transformants were selected. The orientation of the 4.35-Md BamHI fragment was assessed by measuring the size of the fragments obtained after cleavage with EcoRI. RESULTS Identification of a ColEl hybrid plasmid carrying the kdgT gene. The ColEl hybrid plasmids of the Clarke and Carbon colony bank (7) were transferred by conjugation into strain CAKT11Orec. This recipient strain carries a constitutive kdgR mutation that derepresses the KDG regulon; in addition it is also devoid of KDG permease (kdgT), KDG kinase (kdgK), and KDPG aldolase (kdgA); therefore, in the presence of a plasmid carrying the kdgT gene, slow growth on KDG as a carbon source can only occur via the secondary pathway identified by Pouyssegur and Stoeber (29) . Clones of strain CAKT11Orec able to grow on KDG minimal medium in the presence of colicin El were selected; 16 of them were screened for their ability to take up radiolabeled KDG under conditions where the transported substrate is VOL. 160, 1984 602 MANDRAND-BERTHELOT, RITZENTHALER, AND MATA-GILSINGER not further metabolized inside the cells. One clone, CAKT110rec(ColE1-kdgl), showed a fourfold increase in transport activity as compared with the haploid derepressed strain (CAK146rec) and was chosen for further analysis (Fig.  1 ). Attempts to further enhance the synthesis of KDG permease by adding either mitomycin (1 pug/ml) or chloramphenicol (150 ,ug/ml) in the growth medium remained unsuccessful. Upon analysis this clone was found to carry a plasmid of 10.85 Md. To confirm the presence of the kdgT gene on the selected plasmid, its DNA was purified and introduced by transformation into strain CAKTll0rec, which, as expected, expressed a KDG+, colicin El-immune phenotype.
Complementation of neighboring genetic markers by the ColEl-kdgT hybrid plasmid. The kdgT gene was previously located at the min 88 on the E. coli linkage map. The possible presence of adjacent bacterial genes of this chromosomal region on plasmid ColEl-kdgT was assessed by introducing this plasmid into appropriate indicator mutant strains. Selection was performed for colicin El immunity after conjugation with strains CRH2 (rhaD), AM1 (pfk), and TH9Y (glpK). Complementation for the unselected marker was checked by replica plating; 93% of the colicin-resistant strains of CHR2 were able to grow on rhamnose as the sole source of carbon. Therefore ColEl-kdgT appears to bear the rhaD gene and consequently includes the whole rhaDABC operon, since the order of the genes in this region was shown to be rhaD-rhaA-rhaB-rhaC-kdgT-pJkA-glpK-metB (18, 30) . The presence of rhaD on the ColEl-kdgT plasmid was confirmed by the transformation of strain CRH2 with the hybrid DNA preparation.
None of the colicin-resistant conjugants of strains AM1 and TH9Y expressed a wild-type phenotype; therefore no known bacterial gene located on the right side of kdgT was detected on plasmid ColEl-kdgT. Owing to its high cotransduction frequency with rha (23), the ssd gene may be carried on the ColEl-kdgT fragment, but we did not check this possibility. Furthermore, plasmid pLC16-4 carrying pfkA (Fig. 2) . In addition, neither Hincll, PvuII, KpnI, nor SphI cleaved the PstI-2-PstI-3 fragment. Plasmid ColEl-kdgT had a molecular mass of 10.85 Md; since the ColEl plasmid alone has a molecular mass of 4.2 Md, the size of the inserted chromosomal DNA fragment is estimated to be 6.65 Md.
Location of kdgT and rhaD with respect to restriction sites. We subcloned the various endonuclease-generated fragments of plasmid ColEl-kdgT into plasmid vector pBR322. The resulting plasmids, called pRK1 through pRK6, are represented in Fig. 3 . The genotypes of pRK plasmids were determined by their ability to complement the rhaD mutation in strain CRH2 or the kdgT mutation in strain CAKTllOrec or to give rise to constitutive synthesis of KDG kinase in strain 146rec (Table 2 ). Among the pRK plasmids, only pRK1 confers to strain CRH2 the ability to grow on rhamnose. Thus a functional rhaD gene is located on the left of the BamHI-2 site. Plasmid ColEl-kdgT was cleaved into three fragments by PstI digestion. When plasmids pRK4 and pRK5 carrying the PstI-2-PstI-3 fragment of 1.4 Md in either direction were introduced into strain CAKTll0rec, growth on KDG was restored. However the kdgT mutation of strain CAKTll0rec was not complemented by pRK1 or pRK3; therefore, the BamHI-l restriction site might lie within the kdgT gene. The phenotype of pRK6 confirmed this result. This plasmid, which consists of the entire ColEl-kdgT plasmid inserted in the BamHI-2 of pBR322, retained the ability to complement the kdgT mutation.
Transport of KDG in plasmid-carrying strains. To confirm the results of complementation experiments, KDG uptake was measured in strains carrying the various pRK plasmids (Fig. 1) . Plasmids pRK4 and pRK5 conferred a 12-to 14- (Table 3) . Surprisingly, pRK4 and pRK5 were introduced by transformation into the maxicell strain CSR603, and newly made proteins were preferentially labeled with [35S]methionine. Strains CSR603(pBR322) and CSR603(pRE16), harboring an exu PstI-DNA fragment unrelated to the KDG transport system, were included as control strains. Analysis of membrane and soluble fractions of the various strains by sodi4m dodecyl sulfate-polyacrylamide gel electrophoresis showed different patterns (Fig. 4) . Residual background protein synthesis of strain CSR603 was essentially the same in either case. Two major bands corresponded to the labeled proteins coded by pBR322, namely, a 36,000-dalton protein (Tet) coded by the tet gene which sedimented with the particulate fraction, and a 30,000-dalton protein coded by the bla gene specifying the periplasmic P-lactamase which remained mainly associated with the soluble fraction (33, 40) (Fig. 4, lanes e and i) . In the tetracycline-resistant, ampicillin-sensitive strains CSR603(pRK5) and CSR603(pRK4), the 30,000-dalton band disappeared, and a newly labeled polypeptide was detected with an apparent molecular mass of 28,000 daltons ( fig. 4, lanes f, j, g, and k). Its amount was increased in strain CSR603(pRK5) bearing the 1.4-Md PstI fragment in the transcription direction of the bla gene. A readthrough from the external promoter of the bla gene of pBR322 could explain this difference. As it was found associated with the particulate fraction after centrifugation, this protein ,might be an intrinsic membrane protein specific for the transport of kDG. As a control, strain CSR603(pRE16) did not exhibit any band in the same molecular mass range (Fig. 4, lanes h  and 1) .
Attempts to reproduce these results by in vitro polypeptide synthesis were not successful. When plasmids pRK4 and pRK5, carrying gene kdgT, were used as templates in the in vitro system described by Zubay et al. (41) , proteins of 20,000 and 24,000 daltons, respectively, were observed, together with the internal standard 36,000-dalton Tet protein (data not shown). Protein synthesis was not further stimulated by the addition of cyclic AMP (1 mM). We assume that the in vitro proteins of lower molecular mass than that obtained in the maxicell system might result from a premature termination of the reading of the DNA plasmid template. First, the size of the protein synthesized was larger when the kdgT gene was placed under the transcription direction of the bla gene of pBR322. Second, the 24,000-dalton protein directed by plasmid pRK5 was totally recovered with the Tet protein in the particulate fraction after centrifugation; this result strongly suggests that this molecule has the characteristic of a membrane protein that, even if incomplete, may be a good candidate for representing the KDG permease.
DISCUSSION
A ColEl-kdgT hybrid plasmid carrying part of the min 88 region of E. coli was isolated from the Clarke and Carbon E. coli genomic bank. Our cloning experiments indicate that, besides the kdgT gene we were interested in, it also clones the entire rhaDABC operon and so at least five genes of the chromosomal DNA. According to previously published data (18) , rhaD cotrahsduces with the kdgT gene at a frequency of 45%, a result suggesting that the map distance between these two genes was not greater than 0.48 min (1) (37) . Amplification factors of the rates of uptake of proline (21) and glycerol-3-phosphate (39) appeared to be lower in strains harboring plasmids with larger inserts of bacterial DNA.
The selective amplification of the KDG permease of E. coli by gene cloning provides a prerequisite to identify this protein in the membranes either in vivo with transformed maxicells or in vitro with a DNA-directed protein synthesis system. The putative product of the kdgT gene was identified as being a membrane protein of 28,000 daltons. No significant amount of newly synthesized polypeptide was found in the cytosolic fraction. It seems rather unlikely that this protein represents a hybrid protein resulting from the fusion of the kdgT gene end to the bla gene sequence of pBR322, since it is recovered from both orientatiohs of insertion of the 1.4-Md PstI fragment into pBR322 (plasmids pRK4 and pRK5). In vitro experimehts showed that two smaller proteins, whose molecular masses differ depending on the orientation of the cloned fragment with respect to the transcription direction of the bla gene, were synthesized. We made the assumption that they represented incomplete prdducts of gene kdgT, prematurely terminated under the conditions used for cell-free protein synthesis, but we cannot dismiss the possibility that either they could be hybrid proteins resulting from fusions with the ,-lactamase protein, or they could be cleaved by a protease activity absent in the hnaxicell system. Since the size of the membrane-bound protein was not the same in both cases, it was not possible to decide whether it was synthesized in a mature form, like the lactose permease (8) , or processed by proteolytic cleavage of the N-terminal amino acid sequence (3) . Nevertheless it is clear that the 28,000-dalton protein coded by the PstI fragment cloned in either direction into vector pBR322 can integrate into the membranes of the maxicells and be functionally active.
The presumed in vivo product of kdgT exhibited an apparent molecular mass of 28,000 daltons upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis; it is important to note that the apparent molecular mass of lactose permease on gel electrophoresis was 30,000 daltons (8), very different from the actual molecular mass (46,500 daltons) deduced from the lacY gene nucleotide sequence (5) . A similar situation may apply to the kdgT system. Consequently, the true molecular mass of the kdgT protein may be different from that indicated by gel electrophoresis.
The results presented in this work contributed to the identification of the presumptive KDG permease and provided another example of characterization by cloning procedures of E. coli active transport systems energized by the proton motive force (8, 15, 16, 37) . The plasmids that we have constructed can now be used for large-scale purification of the gene product so that the properties of the KDG transport system reconstituted into lipid vesicles can be studied. 
